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ABSTRACT
The effect of temperature annealing on electronic properties of Ga-In-Zn-O (GIZO) have been
studied quantitatively by use refelection electron energy loss spectroscopy (REELS), X-ray pho-
toelectron spectroscopy (XPS) and extended X-ray absorption fine structure (EXAFS) spectros-
copy.  The bandgap value of GIZO were obtained as a function of temperature annealing from the
REELS spectra The band gap changes from 3.1 eV as deposited to 4.2 eV for annealing at 800oC.
The composition of element and chemical bonding in GIZO thin films were obtained by XPS and
EXAFS, respectively. The K-edge spectra by EXAFS were observed with sharp absorption edges
at 10.37 keV for Ga and 9.66 keV for Zn for GIZO thin films. The composition by XPS shows Ga
increase and Zn reduce while temperature annealing increase and will become GIO thin films for
800oC. The composition changed as a function of temperature that impact to the electronic prop-
erties of GIZO thin films are investigated.
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INTRODUCTION
During recent year, there has been a gowing inter-
est in the study of the physical properties of Ga-
In-Zn-O (GIZO) due to important technology ap-
plications. GIZO is one of the most important
transparent conducting oxide (TCO) semiconduc-
tor materials for wide variety of applications, such
as flat-panel displays, smart windows, and solar
cells [1-5]. In particular, GIZO materials has been
attracting attentions with highly transparent, flexi-
ble, conductive compound systems with higher
conductivity, and lower cost are desired for use in
demanding applications such as next-generation
flat-panel displays, due to better transparency at
blue-green wavelengths with its good thermal sta-
bility [1-3]. While the correlation between the
temperatue annealing and the physical properties
of GIZO thin films was the subject of extended
studies, the effect of annealing to the electronic
properties as well as physical properties are not
fully understood. In the present work, the bandgap
was determined from the onset values of the en-
ergy loss spectrum to the background leverl of
REELS spectra [4, 6-11]. The band gap of GIZO
before and after annealing were obtained from the
experimental inelastic scattering cross section of
REELS spectra for primary electron energies of
0.5, 1, 1.5 and 2 keV. The composition and the
chemical bonding of GIZO thin films as a func-
tion of annealing temperature are discussed in de-
tails from the analysis of XPS and EXAFS spec-
tra.
EXPERIMENTS
GIZO thin films were deposited by RF
magnetron sputtering on SiO2/Si substrates with
the rf power of 200 W at room temperature in the
argon gas ambience with 1% of oxygen added.
The composition ratio of Ga:In:Zn in GIZO thin
films are 2:3:1, which were estimated by using the
quantitatively analysis of XPS spectra. The physi-
cal thickness of deposition for all compositions
was 70 nm. The samples was annealed with tem-
perature was varied from 600 OC to 800OC for 30
minutes using furnace LINBERG. Argon gas was
used during the annealing process to protect GIZO
thin films from natural oxides. To obtain the elec-
tronic and optical properties of GIZO thin films,
XPS and REELS experiments were carried out by
using the VG ESCALAB 210. XPS spectra were
measured using an Al source and the analyzer
pass energy of 20 eV. The incident and take-off
angles of electrons for both REELS and XPS were
55o and 0o from the surface normal, respectively.
XPS binding energies were referenced to C 1s
peak of carbon contamination at 285eV. REELS
were measured with the primary electron energy
of 0.5, 1.0, 1.5 and 2.0 keV for excitation and
with the constant analyzer pass energy of 20 eV.
The full width at half maximum (FWHM) of the
elastic peak was 0.8 eV. Fluorescence EXAFS
measurements were conducted in the 3C1 beam-
line at the Pohang Acceleration Laboratory (PAL)
Korea. The K-edge spectra of Ga and Zn were
measured at room temperature. The EXAFS spec-
tra were analyzed using ATHENA software.
RESULTS AND DISCUSSION
Figure 1 show the Ga 2p and Zn 2p spectra IGZO
thin films as a function of annealing temperature.
Ga peak position is located at 1118 eV lower
binding energy than that of Zn at 1022 eV.
Figure 1. XPS core level spectra of Ga 2p and Zn
2p for the GIZO thin films as a function of anneal-
ing temperature
The intensity of the Ga peak increase with in-
creasing annealing temperature while for Zn high-
est intensity at 600oC and decrease to 0 at 800oC.
The composition of Ga, Zn, In, and O in GIZO
thin films before and after annealing are shown in
Table I. When annealed 800oC the separation of
ZnO-In2O3-Ga2O3 systems goes on for some timewhich is break more Zn-O [4,5], all Zn goes out
from GIZO thin films and O bonding with Ga to
form Ga1-xOx [4,5]. At this temperature GIZO be-come GIO thin films.
In order to investigate the change in the bandgap
as a function of composition of Ga in GIZO thin
films, we used the REELS spectra. Figure 2
shows the electron energy loss spectra for GIZO
thin films at various temperatures.
The bandgap energy can be found by drawing a
linier fit line with a maximum negative slope from
a point near the onset of the loss signal spectrum
to the background level. The cross section gives
the bandgap value. The method was described in
our previous paper [4, 6-11]. The bandgap of
GIZO thin films was 3.1 eV [4, 8] as deposited
and increase up to 4.2 eV after annealing 800oC.
The reproducibility of our fit procedure for the
bandgap measurements is within ±0.1 eV, which
is the standard error of three independent meas-
urement. The obtained bandgap values of GIZO
thin films are shown in Table I. The slight in-
crease in bandgap for temperature annealing in-
creases could be due to the composition of Ga in
GIZO increase and bonding with oxygen formed
Ga1-xOx, which is bandgap value is higher thananother oxide in GIZO thin films [1-5]. This result
shows good agreement with XPS spectra. For
GIZO thin films, plasmon peak appear at 7, 19,
and 26 eV. A strong plasmon peak appears at 19
eV. Another broad plasmon peak appears 26 eV
away from the elastic peak center [4]. Plasmon
peak at 19 eV shifted to higher position as the
temperature annealing increase due to the elec-
tronic properties of GIZO was changed and domi-
nated by Ga cations.
Figure 2. Reflection electron energy loss spectra
at energy 1.5 keV for the GIZO thin films as a
function of annealing temperature (as labelled).
The bandgap energy is defined as the threshold
energy of band-to-band excitation
Table 1. Bandgap and composition of GIZO for
different annealing temperature
GIZO
(231)
Bandgap
(eV)
Atomic (%)
Ga In Zn O
RT 3.1 11.2 17.7 4.6 66.5
600oC 3.5 15.1 16.3 7.3 61.3
700oC 3.8 18.3 18.1 5.4 63.6
800oC 4.2 27.4 6.4 0.0 66.1
Figure 3 shows K-edge spectra of Ga and Zn were
measured at room temperature. Clearly XAFS
signal from all the K-edge spectra were observed
with sharp absorption edge at 10.37 keV for Ga
and 9.66 keV for Zn which is show good agree-
ment with the Ref. [12]. The EXAFS spectra were
analyzed using ATHENA software. Fourier-
transformed (FT) EXAFS spectra of GIZO thin
films are shown in Figure 4.
Figure 3. Normalized Extended X-ray absorption
fine structure (EXAFS) spectra of GIZO thin
films for Ga K-edge and Zn K-edge.
Figure 4. Fourier transforms of the Ga K-edge
and Zn K-edge of EXAFS spectra of GIZO thin
films for different annealing temperature.
The intensity of the first peak for Ga K-edge de-
crease and for Zn K-edge increases as the tem-
perature annealing increasing. The Ga and Zn K-
edge spectrum has two peaks; each peak corre-
sponds to the first nearest oxygen and the second
nearest Zn or Ga cations. The second peak for
both cases increase drastically at temperature
700oC. Ga and Zn ions are coordinated by five
oxygen ions where four of the oxygen ions are at a
distance of 0.192 nm and other oxygen ion is at a
longer distance of 0.227 nm. At temperature an-
nealing 700oC the oxygen bonding break up cause
several Ga cations will be bonding with another
Ga or Zn cations to form Ga-Ga or Ga-Zn, as can
be seen in Figure 3 Ga-Ga and Ga-Zn bonding
increases. The Ga and Zn ions occupy the trigo-
nal-bipiramidal sites in the GaO(ZnO)+ layers in
GIZO thin films [1-5]. For the temperature an-
nealing 800oC all Zn cations will remove from the
GIZO thin films and caused GIZO thin films be-
come GIO thin films (not shown here), which is
good agreement with XPS and REELS spectra.
We found also Ga-Ga and Ga-Zn bonding in-
crease at temperature 700oC and Zn cations re-
moves from the GIZO thin films at temperature
annealing 800oC. That indicate 700oC is critical
temperature to defense the electronic properties of
GIZO thin films.
CONCLUSIONS
The composition and the bandgap of GIZO thin
films as a function of annealing temperature was
demonstrated by REELS, XPS, and EXAFS
analysis. It shows the dependence of the bandgap
to the composition of Ga and Zn in GIZO thin
films. It was found the bandgap slightly increases
from 3.1 eV for GIZO as deposited to 4.2 eV for
temperature annealing 800oC. The bandgap after
annealing is mainly determined by the Ga 2p
states and GIZO become GIO thin films for tem-
perature annealing 800oC. We found also Ga-Ga
and Ga-Zn bonding increase at temperature 700oC
and Zn cations removes from the IGZO thin films
at temperature annealing 800oC. That indicate
700oC is critical temperature to defense the IGZO
thin films. REELS, XPS and EXAFS analysis are
convenient methods to obtain information on elec-
tronic structure of IGZO thin films.
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